Over the span of a year, we investigated the interactions between biotic and abiotic factors within the eutrophic Neuse River Estuary (NRE). Through metatranscriptomic sequencing in combination with water quality measurements, we show that there are different metabolic strategies deployed along the NRE. In the upper estuary, taxonomically resolved phytoplankton groups express more transcripts of genes for synthesis of cellular components and carbon metabolism whereas in the lower estuary, transcripts allocated to nutrient metabolism and transport were more highly expressed. Metabolisms for polysaccharide synthesis and transportation were elevated in the lower estuary and could be reflective of unbalanced growth and/or interactions with their surrounding microbial consortia. Our results indicate phytoplankton have high metabolic activity, suggestive of increased growth rates in the upper estuary and display patterns reflective of nutrient limitation in the lower estuary. Among all the environmental parameters varying along the NRE, nitrogen availability is found to be the main driving factor for the observed spatial divergence.
Introduction
Estuaries are semienclosed water bodies that link freshwater to marine environments. Cross-estuary and along estuary gradients contribute to strong spatial differences in nutrient concentrations (Reed et al., 2004) . The highly dynamic hydrological and nutrient cycling properties result in a significant amount of biological variation. Steep spatial gradients often make the upper and lower sections of estuaries very different environments. Apart from spatial variation, temporal variation in precipitation levels, temperature, wind patterns and turbidity also contribute to the dynamic nature of estuaries (Day et al., 2012; Peierls et al., 2012; Hall et al., 2013; . The temporal and spatial variations force biotic components of the ecosystem, including the phytoplankton, that support the base of the estuarine food web, to vary in composition and physiology depending on the environmental conditions. In the Neuse River Estuary (NRE), the proportion of nitrate (NO -3 )-fueled primary production decreases with distance downstream as phytoplankton depend primarily on regenerated nitrogen (N) forms such as ammonium/urea in the lower estuary (Twomey et al., 2005) . In summer, phytoplankton increase ammonium utilization in the lower estuary due to the high seasonal stratification-induced remineralization Twomey et al., 2005) . This hydrological variability is also reflected in the seasonal pattern of phytoplankton community composition. For example, dinoflagellates are usually a significant part of the community in spring while cyanobacteria can be dominant in summer (Paerl et al., 2010) .
Phytoplankton communities in estuaries are directly affected by exogenous nutrient inputs. Increases in anthropogenic-derived nutrients in the past century have led to massive eutrophication and increased frequency and intensity of algal blooms in estuaries around the globe (Nixon, 1995; Howarth et al., 1997; Boyer et al., 2006; Paerl and Otten, 2013) . Increases in natural perturbations such as storms have also contributed to the sporadic nutrient loading in estuaries (Paerl, 2006) . In fact, anthropogenic nutrient inputs can sometimes be overshadowed by climatic events such as intense storms and hurricanes (Paerl et al., 2010; . Nutrient loading directly affects phytoplankton communities through increased phytoplankton growth; however, the relationship between nutrient inputs and phytoplankton growth is complex and often nonlinear due to the profound interplay between biological, chemical and physical properties throughout the water column (Peierls et al., 2012; .
Environmental conditions are quite different along the axis of the NRE. In the upper estuary, the 'geochemical filter' caused by flocculation and aggregation of humic acids and metal ions sometimes can lead to light being a limiting factor for phytoplankton growth (Sharp et al., 1984) . As this upper section is quite narrow, flow rates are typically high, especially in winter and early spring. Elevated riverine discharge increases nutrient loading and provides a favorable environment for phytoplankton growth. However, when discharge is too high, nutrient loading exceeds phytoplankton's assimilatory and growth rates and advective losses overwhelm production rates so that phytoplankton concentrations decrease (Hall et al., 2013) . Noticeably, these residual nutrients can be utilized during low flow periods and can sometimes contribute to high phytoplankton biomass in the lower estuary (Paerl et al., 1995; . As the NRE widens down estuary, water residence time increases. The assimilatory capacity of phytoplankton exceeds the flushing rate, and with sporadic nutrient loading, blooms frequently occur. The relationship between nutrient loading and the phytoplankton community is even more nuanced when biotic components, such as grazing pressure, are also considered (Walz and Welker, 1998; Cloern, 2001; Brussaard, 2004) .
Phytoplankton community composition can also vary spatiotemporally within the estuary as different phytoplankton groups can often display distinct responses to a similar set of environmental conditions. Diatoms, dinoflagellates, cryptophytes, chlorophytes and cyanobacteria are represented in the NRE and can display diverse responses to hydrographic conditions. Dinoflagellate blooms are common as their relatively large size and low susceptibility to grazing provide them with a competitive advantage. Their motility also plays an important role in winter/early spring when riverine discharge is high (Walz and Welker, 1998; Demir et al., 2008; Graham and Strom, 2010; Hall and Pearl, 2011) . Other than dinoflagellates, cryptophyte and chlorophyte blooms occur throughout the year, primarily coinciding with sporadic nutrient inputs (Hall et al., 2013) . In summer months when water temperature is the warmest, phytoplankton that has high intrinsic growth rates at elevated temperatures, such as cyanobacteria and chlorophytes, can be abundant (Paerl et al., 1995) . Diatoms have high maximum intrinsic growth rates (Smayda, 1997) and are also a major component of the phytoplankton community in the NRE, although blooms rarely occur . Unlike dinoflagellates and cryptophytes, diatoms are only weakly linked to riverine inputs in the NRE and are mostly affected by resuspension frequency (Hall et al., 2013) .
Massive nutrient inputs and contemporaneous climatic events pose a severe threat to estuarine water quality and phytoplankton communities (Kennish and Paerl, 2010) . To understand how phytoplankton respond to these anthropogenic and natural perturbations, efforts have been made to study the correlation between phytoplankton communities and environmental parameters in the NRE (Pinckney et al., 1997; Hall et al., 2013; . Bulk plankton community analyses (e.g., chl a, primary productivity and nutrient uptake rates) and other water quality measurements incorporated into models to study estuarine phytoplankton dynamics have been informative (Pinckney et al., 1997; Carstensen et al., 2007) . However, the correlation can sometimes be masked due to the interplay among spatiotemporal dynamics in the system. For example, in the NRE, pulses of dissolved inorganic nitrogen (DIN) typically cause the most significant increase in phytoplankton biomass, however there can be periods of high biomass without preceding DIN pulses and chl a can occasionally be negatively correlated with DIN (e.g., Peierls et al., 2012) . Thus, such uncertainties in phytoplankton dynamics based of bulk measurements pose a serious challenge to understanding phytoplankton responses to environmental gradients. Knowledge on the physiology of taxonomic subsets within the plankton community can be informative to detecting distinct responses to environmental gradients and is needed to provide a more comprehensive view to better manage valuable estuaries and coastal environments that are heavily utilized.
Metatranscriptomics has proven to be a powerful tool to provide insights into the inferred metabolic physiology of marine plankton within mixed natural assemblages (Marchetti et al., 2012; Cooper et al., 2014; Alexander et al., 2015) . Here, we have conducted a year-long metatranscriptomic analysis of the plankton communities along a transect in the NRE. Results indicate taxonomically resolved phytoplankton communities displayed different physiological patterns to the varying nutrient concentrations between the upper and lower estuary, and that different phytoplankton groups generally employed similar strategies in such responses across spatial gradients.
Results

Spatiotemporal dynamics in the NRE
The NRE is a major tributary of North Carolina's Albemarle-Pamlico Estuarine System, the USA's largest lagoonal estuarine system (Fig. 1A) . Characterized by significant seasonal/temporal and spatial variations of hydrologic processes and environmental factors, the NRE constitutes a highly dynamic ecosystem for all organisms, including phytoplankton. Salinity gradually increases from the head to the mouth of the estuary (Fig. 1B and Table 1 ). In contrast to the salinity profile, as high nutrient riverine runoff is diluted by low nutrient sea water along with nutrient utilization by phytoplankton, nutrient concentrations (e.g., NO -3 and PO 3-4 ) decrease dramatically moving downstream in the estuary (Fig. 1B and Table 1 ). In addition to spatial gradients, the NRE displayed high seasonal/interannual variability, which is reflected by high standard deviations of nutrient concentrations particularly in the upper and mid-estuary (Fig. 1B) . In general, silicic acid concentrations remained relatively high (>20 lmol l 21 ) throughout our sampling period although may have been limiting to diatom growth in the lower estuary in February (Table 1) . The high variability of environmental factors and interplay of biological and hydrological processes weakened the relationship with phytoplankton biomass -none of these environmental measurements (apart from POC, which is another indicator of biomass) had strong correlations with chl a (Fig. 1C ). We applied a principle component analysis (PCA) to all the samples collected between 2007 and 2012 to examine how environmental conditions differed spatiotemporally. Clusters that are representative of the lower estuary stations (Stations 70, 120 and 180) largely overlap with each other, indicative of similar environmental conditions, including within our sampling period (Fig. 1D) . The cluster for Station 20 is separated from the lower estuary stations, with nutrient concentrations being the major driver of the observed divergence (Fig. 1D) . The first principle component (PC1) is mostly represented by the horizontal components of NO -3 /NO -2 , NH 1 4 and salinity profiles, which are reflective of spatial variation in the NRE. The second principle component (PC2) is mainly represented by the vertical components of dissolved oxygen (DO) and temperature, which are reflective of temporal variations in the NRE (Fig. 1D) . Nutrient-driven spatial gradients explain 41.7% of the variance among samples while temperature/DO-driven temporal gradients explain 27.5%, indicating that spatial differences are more significant than temporal ones.
Metatranscriptome sequencing statistics
To encompass the spatial and temporal gradients in the NRE, samples for metatranscriptomic analysis were collected at four stations (Stations 20, 70, 120 and 180) along the NRE in the months of February, April, June, August and December of 2012. Numbers of paired-end raw reads sequenced within each of the metatranscriptomic samples used in this study ranged between 53 and 123 million, resulting in 0.4-1.2 million assembled contigs for each sample (Table 2) . Noticeably, sequences from Station 180 collected in April had unusually low mapping efficiency to our taxonomic database and thus were excluded from the downstream analysis. In all other samples, between 47% and 63% and 41% and 56% of raw reads had sequence similarity hits to the reference sequences in the taxonomic annotation database, MarineRefII, and functional annotation database, KEGG respectively. Between 7% and 11% of raw reads in each sequence library were mapped to KEGG reference sequences containing at least one KEGG module annotation (Table 2 ).
Taxonomic annotation of expressed genes in the NRE Diatoms, dinoflagellates, chlorophytes and cryptophytes are typically the most abundant eukaryotic phytoplankton groups, each commonly contributing equally (around 20%) to the total phytoplankton chl a in the NRE . Coincidently, more transcripts were allocated to these four groups than any others, with diatom and dinoflagellate-associated transcripts more abundant than chlorophytes and cryptophytes ( Fig. 2A) . Other plankton groups making up high percentages of mapped reads included ciliates and haptophytes (Supporting Information  Fig. S1 ). Analysis of similarity (ANOSIM) was used to detect spatial/temporal differences in taxonomic composition inferred through transcript abundance of taxonomically assigned contigs in the NRE (Anderson and Walsh, 2013) . Taxonomic composition was significantly different spatially (p 5 0.002) while there was not a significant difference temporally in our 2012 samples (p 5 0.405) (Fig. 2B) . The similarity percentages program (SIMPER) was then used to identify phytoplankton groups that contribute most to the spatial differences in taxonomic composition (Clarke and Warwick, 2001) . Diatoms, dinoflagellates, chlorophytes and cryptophytes were found to be the top four groups that make the most contribution to the identified spatial variation, with transcripts associated with diatoms and dinoflagellates more abundant in the lower estuary and chlorophytes and cryptophytes more abundant in the upper estuary (Fig. 2C) .
PCA was used to examine the differences in gene expression profiles among the different sites and sampling time points. Consistent with distinct environmental factors between the upper and lower estuary sections of the NRE (Fig. 1D) , PCA of community-wide expressed genes a.
Sample contained an unusually low percentage of taxonomically assigned reads and was therefore excluded from gene expression analyses.
Eukaryotic phytoplankton community spatiotemporal dynamics 1099 indicated that patterns differed in the upper estuary station (Station 20) versus the lower estuary stations (Stations 70, 120 and 180) (Supporting Information Fig. S2A ) and the lower estuary stations were therefore grouped for subsequent downstream analysis of gene expression trends.
To assess how taxonomically resolved gene expression patterns compared with the community-wide patterns, we applied differential expression analysis to the four dominant eukaryotic phytoplankton functional groups. At the KEGG module level, diatoms, dinoflagellates, chlorophytes and cryptophytes each expressed 393, 409, 349 and 312 modules, respectively, of which 283 modules were found to be shared by all four functional groups (Supporting Information Fig. S3 ). Of these, 79 modules were over- C. Simper analysis on taxonomic composition differences between the upper and lower estuary. D. Venn diagram of differentially-expressed KEGG modules that were over-represented (red) or under-represented (blue) in the four major phytoplankton groups in the lower versus upper estuary respectively. E. Heatmap of differentially expressed genes between the lower versus upper estuary stations. Each row represents the expression level of a common KO with warm colors indicating over-representation and cooler colors indicating under-representation in the lower estuary compared to the upper estuary (log fold change, base 2). KOs were clustered by expression similarity as follows: grey, low variances among differential expression patterns of all four major phytoplankton groups; red, orange, dark green and light green, KOs that are differentially expressed for diatoms, dinoflagellates, chlorophytes and cryptophytes, respectively.
represented and 15 modules were under-represented in the lower estuary by all four major phytoplankton groups (Fig. 2D ). There were 1895 commonly represented expressed genes (KOs), with the vast majority of these having low variance in expression among groups in the lower versus upper estuary (Fig. 2E ). However, a number of genes were distinctly differentially expressed in each of the major phytoplankton groups.
Gene expression differences between the upper and lower estuaries
Given the high degree of variability found along the NRE stations ( Fig. 1 ), we applied a TMM-based differential expression analysis to the community as a whole to understand differences in phytoplankton metabolic physiology between upper and lower estuary stations as perceived through gene expression patterns. Genes with a KEGG Orthology (KO) annotation were grouped into KEGG modules to provide a more holistic analysis of patterns in gene expression. Normalized read counts, fold change and pvalues for each module are provided in Supporting Information Table S1 . Photosynthesis (M00161 Photosystem II, M00163 Photosystem I), ATP synthesis (M00158 F-type ATPase, M00162 Cytochrome b6f complex), carbohydrate metabolism (M00001 Glycolysis, M00004 Pentose phosphate pathway), carbon fixation (M00165) and ribosomes (M00177) were over-represented (i.e., increased transcript abundance) at upper stations while at the lower stations, modules for nitrate assimilation (M00615), assimilatory nitrate reduction (M00531), urea transport system (M00323) were over-represented (Supporting Information  Fig. S2B ). Noticeably, transcripts for Crassulacean acid metabolism (CAM)/C 4 were detected at all sites. Phosphoenolpyruvate carboxylase (PEPC), which catalyzes the first reaction in the CAM/C 4 process, was over-represented at Stations 70 and 120 and under-represented (i.e., decreased transcript abundance) at Station 20 (Supporting Information Table S2 ).
Consistent with community-wide gene expression patterns, each of the four major phytoplankton groups displayed distinct patterns of gene expression between the upper and lower estuary stations (Figs 3 and 4 and Supporting Information Fig. S2 ). Modules involved in carbohydrate metabolisms (M00001, M00004 and M00165), ribosomes (M00177) and nitrogen metabolism (M00615, M00531 and M00323) were differentially expressed in the same manner as the community-wide responses in all four groups whereas modules involved in photosynthesis and ATP synthesis were distinctly expressed in dinoflagellates, chlorophytes and cryptophytes (Fig. 4) . In contrast to being over-represented in the upper estuary in community-wide responses, photosystem II (M00161) in dinoflagellates and chlorophytes and ATP synthesis (M00158) in chlorophytes and cryptophytes were under-represented in the upper estuary. Although other genes grouped within modules contained taxonspecific expression patterns, in general, the four major phytoplankton groups shared similar expression patterns for most of the KOs along the sampled transect of the NRE (Supporting Information Fig. S4 ).
Correlations between metabolic functions and environmental factors
To assess the correlations between metabolic processes, environmental factors, sampling sites and times, expression of genes with KO annotations was subjected to Fig. 4 . Gene expression differences between the lower and upper estuary for the four major phytoplankton groups. Metabolic-pathway color-coded scatter plots of log fold-change in transcript abundance between the lower and upper estuary stations. Plotted are the fold-change of module transcripts over average sequence abundance (counts per million [CPM] ). Modules are grouped into different categories based on their metabolic functions. Circle size indicates the percentage of enzymes/proteins in each KEGG module with reads mapping to the underlying KEGG genes. Both axes are in log scale (base 2). Some KEGG modules are abbreviated as follows: UreaT, urea transport system; NR, assimilatory nitrate reduction; NO 3 As, nitrate assimilation; PS I, photosystem I; PS II, photosystem II.
Weighted Gene Co-Expression Network Analysis (WGCNA) (Langfelder and Horvath, 2008) . In brief, WGCNA clusters KOs into different modules (ME, designated by colors, hereafter denoted as subnetworks to avoid confusion with KEGG modules) based on expression dissimilarity. Correlations were then used to infer relationships between functional KOs and environmental factors ( Fig. 5A and 5B). MEmagenta and MEgreenyellow were positively correlated with nutrient concentrations (NH (S120 and S180) and were negatively correlated with nutrient concentrations (Fig. 5A and 5B). There are 344, 184 and 274 KOs assigned into MEturquiose, MEred and MEbrown respectively (Supporting Information Table S3) .
Genes in each subnetwork encompass a wide spectrum of metabolic functions. A Fisher-exact test enrichment analysis was applied to assess, which metabolic processes are most representative of each subnetwork. KOs involved in fatty acid metabolism, carbon fixation, photosynthesis, sugar metabolism, ATP synthesis, branchedchain amino acid metabolism and ribosome metabolism are enriched in MEmagenta and MEgreenyellow (Fig. 5C and Supporting Information Table S4 ). KOs representing nitrogen metabolism, lipid metabolism, glycan metabolism, transcription/translation regulation mechanisms (spliceosome, RNA processing, proteasome), ABC transport system and saccharide, polyol and lipid transport system are enriched in MEred, MEturquiose and MEblack (Fig. 5C and Supporting Information Table S4 ).
In accordance with the KOs that are represented within each of these subnetworks (i.e., MEmagenta, MEgreenyellow, MEred, MEturquiose and MEblack), the phytoplankton responses to variations in environmental gradients along the NRE can be primarily characterized as being related to nutrient metabolism, growth metabolism, saccharide metabolism and transport systems, grouping greater than 9500 KOs into 20 KEGG modules. Pearson correlation analysis was applied to determine how those 'responsive' modules correlate with environmental factors. A negative correlation was detected between nitrogen concentrations and modules enriched with genes involved in nitrogenrelated processes (i.e., NO -3 reduction, NO -3 assimilation, NO -3 transporter and urea transport system), ABC transport system and transporters for essential metabolites such as iron, multiple sugars, proline, phosphate and glycose (Fig. 6A) . Nutrient concentrations (NO 3 , surface/ Vertices with black borders are for environmental measurements and vertices with grey borders are for KEGG modules. Connections stand for significant correlations (p-value <0.05), including positive (red) and negative (blue) correlations. Abbreviations of environmental factors and KEGG modules are as follows: B1, thiamin biosynthesis; B7, biotin biosynthesis; B12, cobalamin biosynthesis; CC, citrate cycle; DO, dissolved oxygen; F-ATP, F-type ATPase; FeT, iron(III) transport system; FeCT, iron complex transport system; GCT, glucose/mannose transport system; GG, GlnL-GlnG (nitrogen regulation) two-component regulatory system; GLY, glycolysis; GMT, glutamate/aspartate transport system; HM, heme biosynthesis; LSS, lipopolysaccharide biosynthesis; LRS, lipoprotein-releasing system; MST, putative multiple sugar transport system; NA, nitrate assimilation; NN, NtrY-NtrX (nitrogen regulation) two-component regulatory system; NR, assimilatory nitrate reduction; NT, nitrate/ nitrite transport system; NUC, nucleotide sugar biosynthesis; PLT, phospholipid transport system; POC, particulate organic carbohydrate; PPP, pentose phosphate pathway; PPR, primary production; ProT, proline transport system; PS I, photosystem I; PS II, photosystem II; PT, phosphate transport system; Sal, salinity; SR, sulfate reduction; Spd, spermidine biosynthesis; SpdT, putative spermidine transport system; Temp, temperature; UT, urea transport system; UC, urea transport system; V-ATP, V-type ATPase.
bottom NH 4 and PO 4 ) were positively correlated with modules enriched with genes involved in photosynthesis (PSI, PSII), glycolysis, photorespiration, ribosome metabolism, fatty acid synthesis and citrate cycle (Fig. 6A) . In addition to correlations between KEGG modules and environmental factors, correlations between modules were examined. Positive correlations among modules representative of transporters for various nutrients as well as those involved in nitrogen-related processes and lipopolysaccharide synthesis/releasing system were identified (Fig. 6B) . Photosynthesis, carbohydrate metabolisms and ATP synthesis modules were also detected to be co-expressed with each other in addition to certain environmental factors (Fig. 6C ).
Discussion
The NRE is a highly dynamic system characterized by steep gradients in nutrient concentrations from the upper to lower estuary (Fig. 1B) . Correspondingly, nitrogen has frequently been shown to be the major growth limiting resource for phytoplankton with NO -3 being the dominant inorganic source in the NRE (Piehler et al., 2004; Cira et al., 2016) . Nitrogen is essential for phytoplankton growth, but nitrogen inputs are dependent on discharge rate and can be quite episodic. For example, the annual average NO , although concentrations were near or below the level of detection during four of the five of our metatranscriptome sampling time points (Table 1) . Given the high variability of nitrogen inputs and strong interplay between biological and hydrological processes, nitrogen (NO -3 and NH 1 4 ) along with other environmental factors were only weakly correlated with chl a (Fig. 1C) and, thus, models based solely on these bulk parameters would have difficulty in predicting phytoplankton dynamics within the NRE.
Environmental conditions were found to be relatively similar at the three lower estuary stations (Stations 70, 120 and 180), while the upper estuary station (Station 20) often displayed the greatest differences in water properties (Fig.  1D) . Concomitantly, taxonomically resolved metabolic activities inferred through gene expression patterns also displayed many differences between the upper and lower estuary stations (e.g., Fig. 4) . Photosynthesis, ATP synthesis, carbohydrate metabolism and carbon fixation were over-represented in the upper estuary station, all of which are important components for phytoplankton energy production and growth. Ribosomes, which are essential for protein synthesis, were also over-represented in the upper estuary. The amount of ribosomal protein and proteinencoding transcripts has previously been shown to be positively correlated with metabolic rates and growth (Wei et al., 2001; Gifford et al., 2013) . The over-representation of these modules suggests high phytoplankton growth rates in the upper estuary, which is consistent with previous findings based on nutrient uptake kinetics that suggested the highest growth rates occur in this section of the estuary despite phytoplankton biomass not typically accumulating due to significant advective losses induced by high discharge rates (Pinckney et al., 1997) . At the lower estuary stations, nitrogen-related modules were over-represented, indicative of a high N demand. Carbon, N-related genes and ribosomal protein-encoding genes in the four major functional groups were consistently differentially expressed, indicative of the conservative responses in these groups along the NRE. Such consistent responses were observed in most KOs expressed by the four functional groups, although there were also some differences (Fig. 2E) . Genes with taxon-specific differential expression patterns may explain the minor, yet significant variations in community structure along the NRE (R 5 0.3317, p 5 0.002). Transcript proportions of chlorophytes and cryptophytes decreased from the upper to lower estuary, whereas those of dinoflagellates and diatoms slightly increased in the lower estuary. This spatial heterogeneity in taxonomic groups is consistent with previous findings that freshwater chlorophytes are likely to be more abundant in the upper estuary due to low salinity preferences and may also be attributed to the taxonspecific gene expression responses along the NRE (Paerl et al., 1995; Pinckney et al., 1997; Valdes-Weaver et al., 2006) . CAM and C 4 are CO 2 concentrating mechanisms (CCM) acquired by algae for carbon fixation to cope with high O 2 concentrations relative to CO 2 (Reinfelder et al., 2000; Giordano et al., 2005) . PEPC and malate dehydrogenase are essential enzymes in CAM/C 4 processes and were found to be differentially expressed along the NRE. The PEPC protein catalyzes the first reaction in CAM/C 4 processes, incorporating inorganic carbon to phosphoenolpyruvate (PEP) to form the four-carbon compound oxaloacetate, which is used to release CO 2 for carbon fixation in downstream reactions (Hatch and Slack, 1968) . Transcripts for PEPC were over-represented in the lower estuary. As phytoplankton consume CO 2 and produce O 2 , the high biomass at Stations 70 and 120 further increases the O 2 /CO 2 ratio, which could explain the high expression of PEPC in the lower estuary. Malate dehydrogenase (oxaloacetate-decarboxylating) catalyzes the release of CO 2 so that CO 2 can be utilized in the Calvin cycle. Malate dehydrogenases (oxaloacetate-decarboxylating) (K00025, K00026 and K00029) were over-represented in the upper estuary, indicative of high CO 2 assimilation which is consistent with high carbon fixation and high growth rates (Supporting Information Table S2) .
Energy production, carbon fixation and other growth metabolisms that were highly expressed in the upper estuary were represented by WGCNA subnetworks Eukaryotic phytoplankton community spatiotemporal dynamics 1105 MEmagenta and MEgreenyellow (Fig. 5C and Supporting Information Table S4 ). These subnetworks had strong positive correlations with N concentrations (NO -3 , NH 1 4 ). Correlations between each individual module involved in growth metabolisms (including PSI, PSII, carbohydrate metabolism, ATP synthesis and ribosome metabolisms) and N concentrations were also found to be strongly positive (Fig. 6A) . Such positive correlations indicate N is essential for phytoplankton growth and suggests the high N concentrations in the upper estuary result in growthrelated modules to also be highly expressed.
In contrast, N-related processes (i.e., NO -3 assimilation, urea transport system, NO -3 reduction) were enriched in subnetwork MEred (Fig. 5C ) and found to be negatively correlated with N concentration (Fig. 6A) . The negative correlation between these subnetworks and N concentration is consistent with previous findings that have shown genes for N metabolism increase in expression when N is limiting (Kang et al., 2007; Song and Ward, 2007; Maheswari et al., 2010) . Similarly, transporters for iron, multiple sugars, proline, phosphate and glycose were also negatively correlated with N concentrations, indicating that there were high demands for essential trace metals, macronutrients and metabolites in the lower estuary. Coexpression patterns were detected among N utilization pathways, which indicate N-related metabolic functions were coordinated under N stress conditions.
Other than N metabolism, transcription/translation activities (replication system, repair system, DNA polymerase) and ABC transport systems were also enriched in subnetworks that were negatively correlated with N concentrations (MEturquiose, MEblack). Enrichment of transcription/translation cellular activities can be another indication that phytoplankton were under nutrient stress as these processes have been shown to function as recycling mechanisms for protein and amino acids under nutrient stress (Liu et al., 2015) . The ABC transport system is comprised of transmembrane transporters and are essential for saccharides export (Jones and George, 2004; Delbarre-Ladrat et al., 2014) . Phytoplankton have been shown to export carbohydrates for multiple reasons, including balancing inner C/N ratios and in exchange for remineralized nutrients from bacteria (Azam et al., 1983; Croft et al., 2005; Rinta-Kanto et al., 2012; Cooper and Smith, 2015; Wear et al., 2015; Gong et al., 2016) . As illustrated earlier, phytoplankton appear to have high demands for N, P and iron in the lower estuary, thus elevated export of carbohydrate can be a key process to sustain surrounding bacteria growth for remineralized sources of macronutrients and iron (Seymour et al., 2017) . Similarly, enrichment of glycan and lipopolysaccharide metabolisms and the ABC transport system along with the strong negative correlation between sugar transportation (multiple sugar transporter, ABC transport system) and N concentrations could infer there are mutualistic nutrients/ carbon exchange mechanisms between phytoplankton and bacteria in the lower estuary. In addition, considering a limited N supply along with replete C sources, it is reasonable for phytoplankton to be exporting excess carbon-rich substrates to balance internal C/N ratios.
Summary
Through combining gene expression profiling with measurements of environmental conditions and other water quality parameters, we have constructed a more comprehensive network analysis for the plankton community in the NRE. Phytoplankton implement different metabolic strategies in the upper and lower estuaries as a consequence of the steep environmental gradients that persist in the NRE. In the upper estuary, where nutrients are replete, phytoplankton highly expressed photosynthesis, carbon fixation and other growth-related metabolic pathways. While in the lower estuary, where nutrients are limiting, phytoplankton increase nutrient acquisition processes to scavenge the scarce nutrients from the environment and elevate their internal nutrient cycling to meet the high demands for various nutrients. Metabolisms for polysaccharide synthesis and transportation were elevated in the lower estuary and could be reflective of unbalanced growth and/or interactions with their surrounding microbial consortia. Nitrogen concentrations are shown to be the main drivers for the divergence in the phytoplankton differences in gene expression between the upper and lower estuaries. Although NO -3 concentrations were found to be mostly limiting in the lower estuary, occasionally, high discharge events can deliver a large amount of NO -3 to this region of the estuary resulting in blooms that may alter gene expression patterns to be more reflective of the upper estuary phytoplankton community, particularly at transition stations (e.g., Station 70). Sampling of such instances would enable a better understanding of the phytoplankton responses to pulse nutrient inputs in the NRE.
The sensitivity of phytoplankton metabolic functional responses to their environment as elucidated through taxonomically resolved molecular approaches has provided us with a new tool for water quality monitoring of our valuable coastal systems. However, such tools are not without limitations. The percentage of annotated sequences is typically still quite low due to limited availability of reference sequences, and the relationship between transcripts and metabolic physiology is not always completely understood, especially for dinoflagellates, which have been shown to undergo widespread trans-splicing activities (Lidie and van Dolah, 2007; Lin et al., 2010) . Further research would be beneficial to improve annotation quality and elucidate how gene expression levels translate into metabolic activities. With constantly evolving sequencing technologies, improved reference databases and corresponding bioinformatics tools, such molecular approaches will continue to improve, providing the framework for more informative models to better predict the consequences of changes in environmental conditions on marine ecosystem structure and function.
Experimental procedures
Study area and sample collection 
Environmental measurements
Vertical profiles of temperature, salinity, dissolved oxygen, in vivo fluorescence and light were collected with a YSI 6000 multiprobe sonde coupled to a LiCor LI-1925A quantum sensor that records photosynthetically active radiation (PAR; 400-700 nm) ( ]), were measured using a Lachat Quick-chem 8000 auto-analyzer (Lachat, Milwaukee) as described in Peierls et al. (2012) . Chl a concentrations were determined using the non-acidification method of Welschmeyer (1994) on a Turner Designs Trilogy fluorometer as described in Peierls et al. (2012) and Welschmeyer (1994) . Primary productivity was measured using the NaH 14 CO 3 incorporation method as modified by Mallin and Paerl (1992) . Photopigment analysis via HPLC was performed as described by Pinckney et al. (1996) except that the analyses were performed on a Shimadzu LC-20AB HPLC coupled to a Shimadzu SPD M20A in-line photodiode array spectrophotometer (Shimadzu, USA) (Pinckney et al., 1996) .
RNA-seq sample preparation and sequencing
Metatranscriptomic sampling occurred in the months of February, April, June, August and December of 2012 to encompass the seasonal succession of the phytoplankton assemblages in the NRE. Samples for RNA were collected near surface (0.2 m depth) to ensure the samples were within the euphotic zone (Supporting Information Fig. S5 ) and were immediately filtered onto multiple Millipore isopore membrane filters (0.45 lm, 142 mm) per station directly using a 3-head Masterflex L/S peristaltic pump with prerinsed Tygon tubing and screened from direct sunlight. Filters were changed every 15 min or when the flow of water decreased due to particle clogging. Individual filters were placed in Ziploc bags, wrapped in aluminum foil and immediately placed in liquid nitrogen. A minimum of six filters were collected from each station and sampling date. Based on pump flow rates, an estimated volume of 25 l was filtered per station. Onshore, filters were stored at 2808C until RNA extractions were performed (typically within one month).
For RNA extractions, filters were briefly thawed on ice. RNA was extracted from individual cut-up filters using the ToTALLY RNA Kit (Ambion) according to the manufacturer's protocols with the additional step that filter pieces were first vortexed in 7 ml of denaturation solution containing 0.5 ml of glass beads and the resulting lysate was centrifuged at 8801 3 g and 48C for 3 min. Trace DNA contamination was reduced by DNase 1 (Ambion) digestion at 378C for 45 min. Polyadenosine [poly(A)1] RNA (mRNA) was isolated with the MicroPoly(A) Purist Kit (Ambion) according to the manufacturer's instructions. mRNA samples from several filters at each station were then combined to achieve a minimum total of 100 ng of mRNA. Illumina sequence library synthesis using the TruSeq mRNA Library Preparation Kit (San Diego, CA, USA) was performed at the UNC High-throughput Sequencing Facility. Samples of pooled mRNA from each time point were barcoded and sequenced on a single lane of the Illumina HiSeq2000 platform (San Diego, CA, USA), generating between 53 and 123 million 100 bp paired-end reads per sample.
Sequence assembly, taxonomic identification and functional gene annotation pipeline FastQC was used to assess read quality (Andrews, 2010) . Paired-end sequence reads from each sample were individually assembled into larger transcripts (termed contigs) using ABySS v 1.3.5 with multiple k-mer sizes (from 52 to 96 with a step of 2). Using Trans-ABySS v1.4.4, contigs were filtered and merged and reads were mapped to the merged contigs (Simpson et al., 2009; Robertson et al., 2010) . The number of sequence reads that aligned to each contig was calculated with SAMtools v0.1.19 and tabulated for differential gene expression analysis using the Caroline package in R (Li et al., 2009; Schruth, 2013) . MarineRefII (http://ssharma.marsci. uga.edu/Lab/MarineRef2/), a custom-made reference organism database of marine microbial eukaryotes and prokaryotes (maintained by the Moran Lab at the University of Georgia, Athens) was used for taxonomical annotation that includes all sequenced transcriptomes that are part of the Marine Microeukaryote Transcriptome Project (MMETSP) (Keeling et al., 2014) . A sequence similarity search of the assembled contigs against MarineRefII was performed through BLASTx (v. 2.2.28), with an e-value cutoff of 0.001. Only reference contigs with the lowest e-values were kept as best hits for subsequent analysis. Each hit's taxonomic ID was used as an entry to obtain taxonomic information from the NCBI Taxonomy Database. Due to discrepancies between the NCBI database and widely-used phytoplankton taxonomic ranks, a manually curated taxonomic table was used to provide consistent taxonomic classifications for organisms with best hits to the assembled contigs (Supporting Information Table S5 ) (Keeling et al., 2014) .
For functional gene annotations, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used as a reference database. An e-value cutoff of 0.001 was similarly applied for KEGG homology searches, where the sequence with the lowest e-value was assigned (Supporting Information  Table S6 ). If this sequence lacked a KEGG module annotation, the next-best sequence reference contigs were screened until a sequence with a KEGG module annotation was identified. Read counts of contigs with an assigned KEGG Orthology (KO) identity were used for differential expression analysis. Best hit results from the taxonomic and functional gene annotation searches were then merged for each contig, along with the quantitative read count information for each sample. Assembled contigs were archived in Supporting Information Dataset S1 (http://marchettilab.web.unc.edu/data/). This final composite dataset includes a list of contigs with associated functional gene and taxonomical annotations as well as quantitative read counts (Supporting Information Dataset S2; http://marchettilab.web.unc.edu/data/).
Differential expression analysis
Samples were clustered based on sampling site (see Results), and KOs were normalized using 'trimmed means of M (TMM)' normalization procedure available in the edgeR package. The TMM method normalizes reads by computing a scaling factor after excluding genes that have high average counts and/or have large expression differences between samples with the assumption that most of the genes are not differentially expressed (Robinson and Oshlack, 2010) . PCA were used with environmental measurement data collected over a 5-year period (2007) (2008) (2009) (2010) (2011) (2012) and TMM-normalized KO data (20 metatranscriptomic samples) to visualize the spatiotemporal variability. EdgeR was used to detect differentially expressed KOs between Station 20 (the upper station) and the lower stations by way of the MANTA package as described in Marchetti et al. (2012) , and significance (false discovery rate, FDR) of differentially expressed KOs was assigned with the 'exactTest' program . Normalized reads for each KO were then grouped into modules using their KO associated 'Module ID'. Only reads with KEGG module annotations were used for differential expression analysis. A Mann-Whitney U test was conducted to determine which modules were significantly enriched (Nielsen et al., 2005) . Modules that displayed a significant difference (p-value < 0.05) in the combined read count ratio between stations relative to the TMM were considered either over-represented (above TMM) or underrepresented (below TMM) (Supporting Information Table S1 ).
Differential expression analysis was also performed on each of the four dominant eukaryotic phytoplankton functional groups (i.e., diatoms, dinoflagellates, chlorophytes and cryptophytes). Fold change values were used to calculate the variances among the different phytoplankton groups. KOs with high variances within the upper quarter were defined as metabolic functions with different expression patterns among various phytoplankton groups. KOs with lower variances are considered as similarly expressed among groups.
Correlation and network analyses
To assess the correlations between gene expression patterns and environmental measurements, normalized counts of KOs were subjected to a WGCNA (Langfelder and Horvath, 2008) . WGCNA clusters KOs into modules (ME, designated by colors, denoted as subnetworks to avoid confusion with KEGG modules) based on their expression dissimilarity and demonstrates the correlation between each subnetwork and environmental measurements. Fisher-exact test of the binary measure of a KO's presence was then applied to identify which metabolic functions (KEGG clas3) were enriched within each subnetwork. Correlation analysis was also conducted between KEGG modules and environmental measurements using Pearson correlation with associated p-values assigned to construct a similarity matrix. The similarity matrix was then used to build a network map, for which each node is a KEGG module or environmental measurement and each edge between nodes represents statistically significant correlations. Network maps were created with the R package igraph (v 1.0.0) and graphs were generated using Cytoscape (v 3.3.0, www.cytoscape.org).
Data deposition
All environmental sequences obtained through Illumina sequencing have been deposited in the National Center for Biotechnology Information's Sequence Read Archive under Bioproject PRJNA304171 with accession numbers in Supporting Information Table S7 . Assembled contigs, BLAST results and other datasets are available at http://marchettilab.web. unc.edu/data/. ModMon data are publically available at the following website (http://www.unc.edu/ims/neuse/modmon/data. php) or by request. Table S1 : Results of differential expression analysis at the KEGG Module level Table S2 : Results of differential expression analysis at the KEGG Orthology (KO) level Table S3 : Weighted Gene Co-Expression network analysis (WGCNA) results Table S4 : Enrichment analysis of KEGG Clas3 pathways Table S5 : Custom taxonomic look-up table  Table S6 : Statistics on BLAST e-value Table S7 : SRA accession numbers for metatranscriptomic samples Dataset 1: Assembled contigs for metatranscriptomic libraries. Dataset 2: Final composite dataset including a list of contigs with associated functional and taxonomical annotations as well as quantitative read counts. All datasets can be found at http://marchettilab.web.unc.edu/data/
